Data on single-nucleotide polymorphisms and large chromosomal rearrangements, coming from a long time evolution experiment with Escherichia Coli, are analyzed in order to argue that mutations along a cell lineage can be modeled as Levy flights in the mutation space. These Levy flights have two components: random single-base substitutions and large DNA rearrangements. From the data, we get estimations for the time rates of both events and the size distribution function of large rearrangements.
l i=1 u i , as l increases draws a kind of "fractal" landscape, better described by a Levy walk or flight [2] . This Levy-walk model was conceived as a description of the DNA at a given time, and there were no suggestions that mutations in a cell lineage resemble Levy flights in the mutation space.
In the present paper, we use data from a long-term evolution experiment (LTEE) in E. Coli populations [3] in order to argue that mutations can indeed be modeled as Levy processes. Data on single-nucleotide polymorphisms (SNPs) in mixed-population samples, taken from generation 2000 to 40000, come from sequencing these samples and aligning to the genome sequence of the ancestral strain [4] . On the other hand, large chromosomal rearrangements in clones harvested from these samples are identified by means of a combination of optical techniques, genome sequencing and PCR analysis [5] .
Mutations and Levy processes. Mutations are inherited changes in the DNA. Unlike Ref. [2] , where the DNA shape was studied by means of the y l variable, we shall now follow the time evolution, y l (t). Let us consider, for the sake of simplicity, a single variable y L (t), where L is the DNA strand size. Time, on the other hand, is best represented by the number of cell generations along a cell lineage, measured from the common ancestor.
The simplest mutations one can imagine are singlepoint mutations (SPMs), where a base at a given site of the DNA lattice is substituted by a different one. The probability of such events in the LTEE was estimated as p SP M = 10 −4 − 10 −3 bases per generation for the whole genome [6] , that is one SPM every 10 4 − 10 3 generations.
Taking into account that in the circular DNA of E. Coli there are near five million bases [7] , the probability of SPMs per base per generation is around 2 × 10 −11 − 2 × 10 −10 , a number consistent with general estimations [8] .
Notice that SPMs are represented as small sporadic jumps in the variable y L (t). For example, ∆y L = 3/4 means substitution of a cytosine by a guanine. In a population of bacteria, the pattern drawn by the set of variables {y L (t)}, one variable for each bacterium, is that one of a Brownian motion, and the maximum deviation in the ensemble, |y L (t) − y L (0)| max , follows a t 1/2 law [9] . This is one important component of Levy flights.
The second component of Levy flights are large jumps [10] , which have as biological counterparts the deletions of DNA fragments, insertions of base sequences at a given site, translocations, and inversions of fragments. With regard to the latter, we shall stress that the DNA is a double lattice of oriented strands [8] . Thus inversion exactly means that the dual fragment is placed in the original strand, whereas the original fragment now appears in the dual strand.
Notice that the description of large jumps require additional variables, for example the strand size, L, which after deletion or insertion of a fragment is changed.
For the probability of large jumps, we shall use the ansatz p LJ π(l), where p LJ is a time rate, that is one event in a certain number of generations. π(l), on the other hand, is a normalized probability for an event involving a segment of size l ≥ 1. The results of [2] suggest that π(l) is a scale-free distribution, that is
Data on SNPs.
In an evolution experiment, random fluctuations are filtered by natural selection. The evolution dynamics in the LTEE is schematically represented in Fig. 1 . Lineages with neutral or deleterious mutations are usually truncated, whereas beneficial mutations confer evolutive advantage to clones and, thus, higher probability to continue. Once they appear, beneficial mutations are fixed in more than 50 % of the population after a fixing time.
Loosely speaking, if P b is the rate of beneficial mutations in the population, and one of these mutations, the number of fixed beneficial mutations at a given time t is roughly t/
We draw in Fig. 2 the data on SNPs, taken from Ref. [4] . A population, called Ara-1 in the experiment, is sampled at generations 2000, 5000, 10000, 15000, 20000, 30000, and 40000. The two latter points are not included in the figure because of a mutator phenotype, which appeared at generation 27000 and lead to a 100-fold increase of the mutation rate.
Alignment of 36-base reads in mixed population samples yielded 40-to 60-fold coverage, allowing to determine frequencies of SNPs above 4 % in the population. Authors report "fixed" SPMs, meaning that their frequency, f , is above 96 %, as well as SNPs, where 4 % < f < 96 %.
The data labeled "fixed" in the figure, corresponding to mutations with f ≥ 96 %, shows a linear increase at short times with a slope 1.0×10 −3 mutations/generation, which may be taken as an estimation of P b . The data labeled "total", on the other hand, is our estimation for the total number of mutations one may detect in a clone, no matter which mutations one finds. The slope in the initial linear increase is a little higher, around 1.8 × 10 −3 mutations/generation. We shall stress, once more, that these are numbers for the whole population. The rate of beneficial mutations in a single cell lineage is
mutations/generation. Notice that, in the experiment, the number of continuing cell lineages and the genome size are roughly the same, which sometimes may lead to confusion.
Notice also that the total number of mutations shows a sublinear behavior at large times. This is a consequence of the fact that τ f usually increases when a new beneficial mutation is added on the background of existing beneficial mutations, a phenomenon known as epistasis. In order to fit the data in the figure, we use the dependence, coming from a model in Ref. [11] , 2s( 1 + aN gen −1)/a, where s is the slope at N gen = 0, and a a parameter.
Data on large chromosomal rearrangements.
Data on large chromosomal rearrangements are provided in Ref. [5] . Due to experimental limitations, authors can not reliably detect rearrangements smaller than 5 Kilo base-pairs (Kbp). On the other hand, they can only perform measurements on clones, that is representatives of a population, which may exhibit strong deviations from mean values.
The first set of results involve a time sequence of clones of the population Ara-1, as in the previous section. That is, samples at generations 2000, 5000, 10000, 15000, 20000, 30000, 40000, and 50000.
As mentioned above, we shall use the following ansatz for the time and size probability distribution of such events: p LJ π(l). p LJ is the rate (uniform distribution in time), and π(l) = (ν −1)/l ν is the normalized probability for a rearrangement of size l ≥ 1. We do not distinguish between the different kinds of rearrangements: deletions, insertions, translocations, and inversions. Fig. 3 , top panel, shows the detected number of events as a function of time (number of generations). Most of these rearrangements seem to be fixed, in the sense that they are detected also at later times. Thus, in order to fit the data we use the same function as for SNPs, that is 2s( 1 + aN gen − 1)/a. From the slope, we get a rough estimation for the rate of beneficial large changes in the population, P bLJ ∼ 5 × 10 −4 large changes/generation. For a single cell lineage, p bLJ ∼ 10 −10 large changes/generation. Fig 3, bottom panel, on the other hand, reflects the size statistics. We use a log-log plot. The x-axis is the size, l, and the y-axis is the number of rearrangements with size greater or equal than l. According to our ansatz, this number equals where C is a normalization constant.
Notice that, when a change appears at a given time and is fixed, we shall not count it as a different event in a latter time.
The data in Fig. 3 , bottom panel, is very well fitted by the function C/l ν−1 , with ν ≈ 1.42. Below, we shall consider a larger data with better statistics.
The second set of data comes from clones harvested from the 12 independently evolving populations in the LTEE, sampled at generation 40000. There are 110 detected large rearrangements in these clones. The results, shown in Fig. 4 , are perfectly fitted by the dependence C/l ν−1 , with ν = 1.49, suggesting a limit ν = 3/2 for the exponent. The slope changes for l < 5 Kbp, because the experiment can not detect all of the rearrangements for these l values, as mentioned above.
Discussion. The data on SPMs and large rearrangements in bacterial DNA in the course of 50000 generations of evolution seem to support the Levy flight picture for mutations along cell lineages.
The experiments detect mostly beneficial mutations fixed in the population. Deleterious and most neutral mutations are not registered. Along a cell lineage, we expect p SP M ∼ 5 × 10 −4 mutations/generation, but only p b ∼ 3 × 10 −10 beneficial mutations/generation. Assuming that the observed ratio p b /p bLJ ≈ 3 holds also for p SP M /p LJ , we get p LJ ∼ 1.6 × 10 −4 mutations/generation. This value for p LJ does not properly accounts for events with l < 5 Kbp. Thus, the actual rate should be even larger, roughly equal to p SP M . Large chromosomal rearrangements are energetically more demanding than SPMs. It does not seems natural to have similar rates for both kinds of events. Exposure of E. Coli to external factors they are not used to, like ultraviolet light of lamps or the background neutron radiation [12] , could be the reason for such a high rate of large changes observed in the LTEE.
The ratio p SP M /p LJ may abruptly vary after a mutator phenotype emerges in a population and becomes dominant. In Ara-1, for example, p SP M shows a 100-fold increase, but p LJ keeps roughly the previous value.
For the exponent ν in the size distribution of large rearrangements, we get ν ≈ 3/2. The biological mechanism by which such a distribution is generated shall be further studied.
There could be a general argument in favor of the Levy flight model of mutations. In the described experiment, where the population size is controlled, biological evolution can be viewed as an optimization problem. The mean fitness in the population is the cost function. Mutations provide the mechanism for searching the parameter space, and natural selection picks up the best representatives in the population. A local search, like the SPMs, could trap mutation trajectories around a local maximum in the fitness landscape. An optimal search algorithm shall include large jumps of any size, that is a scale-free size distribution. The idea is already implemented in computational optimization techniques [13] .
The near optimal character of the search algorithm is confirmed in the experiment by what authors call "parallel mutations" [5] , that is very similar fixed mutations in independently evolving populations.
Finally, one may ask how mutations a la Levy would introduce correlations into the DNA. Assume, for example, that we start from a DNA with no correlations. Inversions, translocations, and deletions do not increase correlations. On the other hand, coding segments, related to metabolism and other vital functions, would hardly allow significant mutations. Only biased SPMs and insertions in non-coding DNA would lead to correlations on a long-term basis.
